Upland forests are traditionally thought to be net sinks for atmospheric methane (CH 4 ). In such forests, in situ CH 4 fluxes on tree trunks have been neglected relative to soil and canopy fluxes.
Introduction
Methane (CH 4 ) is a potent greenhouse gas and exerts large effects on the atmospheric chemistry and the global climate (IPCC, 2013) . The CH 4 budget in a terrestrial ecosystem is a combined result of the production, oxidation, and transport of CH 4 , which are affected by a number of biotic and abiotic factors. Plants are an important factor regulating the CH 4 budget, but the influence of plants on CH 4 fluxes is poorly understood in upland ecosystems.
Forests play an important role in the global carbon dioxide (CO 2 ) cycle, but their role in the CH 4 cycle is highly uncertain. A number of previous studies have demonstrated that wetland trees facilitate emissions of soil-produced CH 4 into the atmosphere (Rusch & Rennenberg, 1998; Vann & Megonigal, 2003; Garnet et al., 2005; Terazawa et al., 2007; Gauci et al., 2010; Rice et al., 2010; Pangala et al., 2013 Pangala et al., , 2015 . Globally, wetland trees might represent a large source, 60 AE 20 Tg yr À1 , of atmospheric CH 4 (Rice et al., 2010) . In comparison to wetland forests as a CH 4 source, the much larger areas of upland forests are traditionally thought to be net sinks for atmospheric CH 4 (Conrad, 2009) . It is clear that this is not universally true, because some studies have reported that upland forests may switch from sinks to sources for periods of time (Megonigal & Guenther, 2008; Covey et al., 2012; Nicolini et al., 2013; Shoemaker et al., 2014) , probably as a result of the CH 4 emissions from trees and/or moist soils. Nearly all CH 4 flux data from upland forests have been made using closed chambers placed on the soil surface (Jauhiainen et al., 2005; Megonigal & Guenther, 2008; Fang et al., 2010; Rice et al., 2010; Mukhin & Voronin, 2011; Shoemaker et al., 2014) . Although the use of micrometeorological techniques for in situ flux measurements of trace gases such as CH 4 in terrestrial ecosystems is increasing (Nicolini et al., 2013) , these techniques consider a terrestrial ecosystem as a whole and do not separate the relative importance of plants vs soils to the CH 4 budget, nor do they uncover specific CH 4 processes. Relative to soil and canopy CH 4 fluxes, no in situ measurements on CH 4 fluxes from tree trunks have been conducted in upland forests.
The CH 4 emitted by trees can be produced in the soil and transported in the transpiration stream and/or in situ inside the trees themselves. In living trees, in situ CH 4 can be produced in heartwood. The first reports of CH 4 trapped in the trunks of living trees were made in the early years of the 20 th century before CH 4 was understood as to be a greenhouse gas produced by methanogenic archaea (see Zeikus & Ward, 1974) . Covey et al. (2012) found substantial CH 4 concentrations within tree trunks on both lowland and upland sites, and suggested that heartwood rot as the pathway of CH 4 production is ubiquitous. Zeikus & Ward (1974) observed substantial CH 4 production in heartwoods of visibly healthy hardwood trees on poorly drained soils, but they neither conducted in situ measurements of CH 4 fluxes from tree trunks nor demonstrated whether the CH 4 produced in heartwoods can actually be emitted into the atmosphere. The emissions of CH 4 produced in heartwoods have largely been neglected on a global scale (Bonan, 2008; Conrad, 2009; Covey et al., 2012) . To our knowledge, no studies have directly measured in situ CH 4 fluxes from the trunks of living trees on upland soils. It remains to be established whether trees on upland soils emit CH 4 , and if so, whether the CH 4 is produced in the heartwoods of trees or in soils. Resolving these two potential sources is required in order to forecast how tree emissions may respond to climate change.
Temperate forests are the dominant type in China (Fang et al., 2010 (Fang et al., , 2014 , most of which are on upland soils. Populus trees have been recognized as a model species for better understanding of plant-microbe relationships (Hacquard & Schadt, 2015) , and are a common species in these forests. In this study, a temperate forest dominated by Populus trees located on upland soils was selected for studying trunk CH 4 emissions. Here we show that living Populus trees on upland soils contain wet heartwood that is a source of CH 4 , and that CH 4 is emitted from the trunks of trees that contain wet heartwood. In addition, we conducted in situ measurements of CH 4 uptake by soils in order to put trunk emissions in the context of the forest ecosystem CH 4 budget.
Materials and Methods

Site description
This study was mainly carried out at the Beijing Forest Ecosystem Research Station (115°26 0 E, 39°58 0 N; 1150 m above sea level), Chinese Academy of Sciences, in Mentougou District, Beijing. The station is located in the semihumid warm-temperate continental monsoon climate zone. The mean annual temperature was c. 2-8°C, while the mean annual precipitation was c. 600 mm with a rainy season between June and August (Sang et al., 2010) . Soils were mainly brown loams with a texture of c. 28% clay, 24% silt, and 48% sand (Fang et al., 2010 (Fang et al., , 2014 . Soils had a measured pH of 6.6, soil organic matter of 37.2 g kg À1 , and total nitrogen of 0.8 g kg À1 in the 0-20 cm depth in 2003 (Sang et al., 2010) . In a slow slope mountain valley, two experimental plots determined were dominated by poplar (Populus davidiana Dode), hickory (Carya cathayensis Sarg.), and larch (Larix gmelinii (Ruprecht) Kuzeneva). Details of the two plots and their plant communities can be found in Supporting Information Fig. S1 and Table S1 .
Experimental design
A series of in situ experiments were conducted in two plots (upper and lower) of the upland forest (Fig. S1 ), because one plot could not support all measurements without excessive disturbance. In addition, trunk CH 4 emissions of P. davidiana may be compared between the two plots. Annual CH 4 emissions from the trunks of P. davidiana were measured in the upper and lower plots during July 2014-July 2015, while soil CH 4 fluxes were simultaneously measured in the lower plot. In situ measurements on trunk CH 4 emissions of C. cathayensis and L. gmelinii were added during March-June 2015 in the lower plot. The gas and wood materials of trees were sampled in August 2015 while below-ground materials were sampled in July-August 2015 in the field and incubated in the laboratory, measuring CH 4 concentration, del-13 C-CH 4 and/or potential CH 4 production or oxidation.
The upper plot is 28 9 70 m and the lower plot is 32 9 50 m; the two plot margins are separated by c. 60 m. We investigated trunk CH 4 emissions in P. davidiana, C. cathayensis, and L. gmelinii with trunk diameters ≥ 5 cm at a breast height (BH) of 130 cm (115-145 cm section) above the soil surface. Three trunks of P. davidiana in the lower plot were further measured at heights of 35-65, 215-245, and 435-465 cm. In situ CH 4 emissions from twigs and leaves connected to the trunks of P. davidiana were measured at a height of c. 200 cm. Trees were selected both visually, based on areas with different relative land elevations, and randomly as encountered in each area. Air and soil temperatures during gas sampling were measured using mercury thermometers in the lower plot.
Field chamber installing and sampling
A static closed-chamber method was used for in situ measurements of CH 4 fluxes between tree trunks, twigs and leaves or soils and the atmosphere (Fig. S1 ). The trunk diameters of selected P. davidiana, C. cathayensis, and L. gmelinii were measured in advance for constructing the trunk chambers. The lengths and widths of trunk chambers were in the range 24-45 cm but their heights were identical at 30 cm. As a result, available volumes of chambers were approximately in the range 11.5-23.5 l after subtracting trunk volumes. Chambers were constructed from polyvinyl chloride (PVC) sheets. Each trunk chamber consisted of two halves held together into a cube using hinges and spring clips. Chambers had central openings of different diameters to enclose different diameter trunks. Neutral silicone sealant (Dow Corning, Shanghai Ltd, Shanghai, China) was used to fill trunk cracks and the gap between the chamber and trunk. It was confirmed that the product creates a gas-tight seal. Each chamber contained two sampling gas ports that were left open except during sampling periods.
Twig and leaf chambers were constructed from 2 l soda bottles. The bottle was cut into two halves; one half was used as a base and the other half as a cover. Six bases were fixed onto the twigs of six P. davidiana trees. Neutral silicone sealant filled any gaps between bottles and twigs for a gas-tight seal. Adhesive tape was used in the connection overlap of the base and cover of the bottle around the twigs and leaves for a gas-tight seal.
For measuring soil CH 4 fluxes, six bases were randomly installed to a depth of 10 cm. Each base was a 50 9 50 cm PVC frame with a height of 10 cm and a channel on top. The channel was filled with water to form a gas-tight seal by placing a 25-cmtall PVC chamber on top that rested in the channel. Herbaceous plant density and species inside and outside each base were not noticeably different.
All PVC chambers were white in order to block out light and minimize internal heating. Furthermore, chambers were usually located in the shadow of the tree canopy. Testing showed that air temperature in the chamber headspace did not change during gas sampling. Chambers were first installed 1 wk before formal measurements and were left in place throughout the experimental period. Gas samples were extracted from chamber headspace at 0, 15, 30, and 45 min using a 100 ml polypropylene syringe fitted with three-way nylon stopcock, and then transferred immediately to a 100 ml gas bag that had been flushed and vacuumed in advance.
Below-ground sampling
Gravel, stone riprap, snecks, and rocks were largely distributed below surface soils at a depth of c. 15 cm, making soils and roots difficult to sample directly using a stainless steel corer. Accordingly, one pit close to an area dominated by either P. davidiana or C. cathayensis trees (i.e. two pits total) was dug for sampling soils and roots. A gas sampling needle method (Hou et al., 2012) was used to determine vertical CH 4 concentrations. Stainless steel needles (4 mm inner diameter, 5 mm outer diameter) were permanently buried at various soil layers in two pits for gas samplings, with the first sample taken 2 wk later. The needles were filled with small-grain sands to decrease available volumes and hinder potential soil dust when gas samples were extracted. Rudimental air held in the needle was slowly extracted before soil gas sampling. A 30 ml gas sample was slowly extracted from the midpoint of each soil layer by a syringe fitted with three-way nylon stopcock.
Wood sampling
Wood samples were collected in August 2015 after the trunk CH 4 flux measurement campaign. The bark, sapwood, and heartwood were sampled by the use of an increment borer (5.15 mm internal diameter, 500 mm length, two screws, Haglöf Sweden, L€ angsele, Sweden). Wood materials were immediately flushed with pure nitrogen and sealed in polyethylene bags. Meanwhile, gases in the three layers of the newly made holes were immediately extracted by syringe for determining in situ CH 4 concentrations. In order to avoid potential microbial cross-contamination of wood materials among different tree species via the increment borer, the borer was autoclaved by hot water before wood materials of each tree species were sampled, while gas samples were extracted in order from the barks, sapwoods, and heartwoods. For each trunk, c. 10 bark holes of c. 0.5 cm depth were randomly drilled, and a total gas sample of c. 10 ml was immediately and slowly extracted using a 10 ml syringe fitted with a three-way nylon stopcock. After all gas samples of the bark holes were collected from five trunks, the five bark holes in each trunk were further drilled, to a depth of c. 2.0 cm, and a gas sample of c. 10 ml was extracted from sapwoods. Finally, a gas sample of c. 10 ml was collected from the heartwood layers of two holes in each trunk. At the end of sampling, the orifices were immediately filled with neutral silicone sealant. All gas samples were transported to the laboratory for immediate analysis.
Incubation experiments
Soils, roots, and wood materials sampled in the field were immediately placed into polyethylene bags, which were placed into boxes with ice packs, and transported to the laboratory. These materials were immediately incubated in the laboratory, generally within 1 d after the field sampling.
Soils, roots, and wood materials were incubated in closed 120 ml serum bottles for examining potential CH 4 production and/or oxidation under oxic or anoxic conditions at a temperature of 20°C in the dark. To establish anoxic conditions, the bottles were immediately sealed with butyl rubber stoppers and flushed with pure nitrogen (600 ml min À1 for 6 min) from a compressed nitrogen cylinder using 'inlet-outlet' needles inserted through the stoppers. Parallel blanks were used to test whether background CH 4 concentrations in the bottle headspaces changed in the absence of sample materials. Initial CH 4 concentrations were measured immediately after sealing. Subsequent CH 4 concentrations were measured at c. 24 and 48 h after the commencement of the incubation.
The analyses of CH 4 concentration and stable carbon isotope signature
The CH 4 concentrations were analyzed by the use of a HewlettPackard 5890 Series II gas chromatograph (Foster City, CA, USA). The GC running conditions were as described previously . Certified CH 4 standard at 2.0 ll l À1 (the Beijing AP-BAIF Gases Industry Co., Ltd, Beijing, China) was used for calibration. The CH 4 concentration was adjusted for prevailing temperature and atmospheric pressure according to the ideal gas law.
For analyzing 13 C-CH 4 signature, the 10 gas samples were collected from the heartwood holes of the 10 P. davidiana trunks at BH in two plots in August 2015. The signatures of 13 C-CH 4 were measured using an isotope ratio mass spectrometer (IRMS; Delta V Advantage, Thermo Fisher Scientific Inc., Bremen, Germany) with a GC-Isolink. The GC was used to separate gas components. The CH 4 was combusted to CO 2 that was introduced into the IRMS for the analysis of 13 C abundance. CO 2 was used as the working reference, and its d 13 C value of À30.905& was calibrated from a d 13 C value of À27.771& in coffee (IAEA-600). The 13 C/ 12 C signature was expressed in the conventional d notation in per mil units against the Vienna Pee Dee Belemnite standard. The overall analytical precision was < AE 0.1&.
CH 4 flux calculations and CH 4 budget estimates
The CH 4 flux was calculated by linear regression of CH 4 concentrations in chamber or bottle headspace vs time. Direction fluxes were considered to be those with R 2 ≥ 0.9. We assumed there was no CH 4 flux when CH 4 concentrations were neither increasing nor decreasing linearly (R 2 < 0.9); this means CH 4 fluxes were undetectable by GC. If the calculated CH 4 flux was negligible (< 0.2 ng g À1 DW h À1 ; see Wang et al., 2011a) , the flux was not considered statistically different from zero. In situ CH 4 flux was recorded as lg m À2 h À1 for trunks on a trunk surface area basis and for soils on a soil surface area basis. Incubated CH 4 flux was calculated as ng g À1 DW h À1 for soils, roots, and wood materials on a DW basis. A positive value indicates a net CH 4 emission, while a negative value represents a net CH 4 uptake. Trunks showed CH 4 emissions, while soils showed CH 4 uptake. The mean daily CH 4 flux was determined using two measurements, one in the morning and one in the afternoon. To understand spatial variability in CH 4 fluxes, coefficient of variance (CV) was calculated as a percentage of 1 SD to the mean.
In nature, both disease and decay occur often in trees. The trunks of P. davidiana may be clearly divided into two sections: irregular, 0-100 cm (e.g. bark scarred by wounding), and regular, 100 cm to top height (bark smooth), and accordingly the two sections were added together for calculating the surface area over the entire trunk length. Tree trunk circumferences were measured at 20 cm intervals from 0 to 100 cm height and at 30 cm intervals from 100 to 250 cm height for the representative trees selected. These were used to establish the relationships between trunk circumferences and trunk heights. Two linear equations (R 2 = 0.95) were employed for calculating trunk surface areas at 30 cm intervals respectively in the 0-100 cm and 100 cm to top height ranges, assuming the tree trunk as a truncated cone.
In order to reconcile uncertainty, we used multiple methods to scale the CH 4 emissions from the trunks of P. davidiana to the plot or ecosystem scale. The first method was an arithmetic average. Specifically, average trunk CH 4 emissions at the 35-65 cm height were used to calculate the CH 4 emissions at a trunk height of 0-100 cm, average emissions at the 115-145 and 215-245 cm heights were used for the emissions at a trunk height of 100-250 cm, and average emissions at the 215-245 cm height were used for the emissions at trunk height of 250 cm to the top. The other methods were natural logarithm and power functions of trunk CH 4 emissions vs height. The functions developed by using the CH 4 emissions at the 35-65, 115-145, and 215-245 cm vs corresponding trunk heights were employed for estimating the CH 4 emissions at 30 cm intervals along the entire trunk length. Total CH 4 emission along the entire length of each trunk was estimated by summing 30 cm-trunk interval emissions, calculated by multiplying the CH 4 emission rates by trunk surface areas. Total CH 4 emission from the trunks in the lower plot was estimated by multiplying the estimated emission per trunk by the total number of trunks. Total CH 4 uptake by soils was estimated by multiplying measured CH 4 uptake by plot area.
Statistical analysis
Statistical analysis was performed using the SAS (Statistical Analysis System) program (SAS Institute, 1999 ). Duncan's multiple range test was employed for mean separation of CH 4 concentrations or fluxes among each group of treatments at P < 0.05. If statistically significant differences were easily self-explanatory, the different letters were omitted for the purpose of clarity. Microsoft Office Excel was used for building natural logarithm and power functions, and analyzing linear regressions between CH 4 fluxes and air or soil temperatures. (Fig. 1a) . With the exception of 19 December, when no data were available, the CVs of the CH 4 emissions ranged from 19% to 68% in the upper plot and from 22% to 54% in the lower plot. Accordingly, trunk CH 4 emissions had large temporal and spatial variability. The emissions were much higher in the growing than in the nongrowing seasons and were significantly linearly correlated with air and soil temperatures (R 2 = 0.62-0.70, n = 20-24, P < 0.05). Thus, trunk CH 4 emissions were temperature-dependent on an annual scale.
Results and Discussion
In this upland forest, trunk CH 4 emissions (Fig. 1a ) are of similar rates to trunk emissions in wetland forests. For instance, mean CH 4 emissions of Fraxinus mandshurica growing in a floodplain forest were 176 and 97 lg m À2 h À1 at trunk heights of 15 and 70 cm, respectively, over the period MayOctober 2005 (Terazawa et al., 2007) . The CH 4 emissions of Alnus glutinosa at a trunk height of 30 cm ranged from 4 lg m À2 h À1 in May to 101 lg m À2 h À1 in early October in a wetland forest (Gauci et al., 2010) . Seven of the eight tree species in a tropical wetland forest showed mean CH 4 emissions ranging from 185 to 17 lg m À2 h À1 at trunk heights of 20-50, 60-90, and 100-130 cm (Pangala et al., 2013) . Trunk CH 4 emission rates in this upland forest were greater than in some of wetland forests and lower than in others; thus, the emission rates did not depend upon whether trees grow in wetland or upland.
Diurnal CH 4 emissions from the trunks of living P. davidiana did not show significant diurnal variation (P > 0.05), but the emissions were slightly higher at night than in the daylight (Fig. 1b,c) . Diurnal emissions were not linearly correlated with air temperatures (R 2 = 0.07-0.26, n = 6, P > 0.05). CH 4 emissions from Taxodium distichum seedlings were not sensitive to light (Garnet et al., 2005) . These results contrast with those in a temperate herbaceous wetland reported by , who observed that plant photosynthesis and air temperatures largely affected the production, oxidation, and transport of CH 4 , resulting in diurnal CH 4 emissions with a peak in the late afternoon and the lowest value immediately before sunrise of the next day. Radial woods of tree trunks may be classified into three layers: bark (cortex and phloem etc.), sapwood, and heartwood. Comparisons of in situ CH 4 concentrations along the radial woods of P. davidiana and C. cathayensis with vertical CH 4 profiles in adjacent soils (Fig. 2) suggest that the CH 4 emitted from the trunks of P. davidiana was associated with substantial CH 4 in the heartwood. CH 4 concentrations were 12, 57, and 32.9 9 10 4 ll l À1 in bark, sapwood, and heartwood of P. davidiana, respectively, but were very low in the three wood layers of C. cathayensis (Fig. 2a) . Such a high CH 4 concentration in the heartwood of P. davidiana indicates that there are significant barriers to radial diffusion of CH 4 from the heartwood to the atmosphere. The similar magnitude in trunk CH 4 emission rates between this upland forest (Fig. 1a) and wetland forests (Terazawa et al., 2007; Gauci et al., 2010; Pangala et al., 2013) may be the result of similar resistance to radial CH 4 diffusion/permeability exerted by sapwood and bark layers. Interestingly, Pangala et al. (2015) found that trees from each species emitted similar quantities of CH 4 from their trunks in wetland forests, regardless of whether trees grew in hollows or hummocks. It is possible that large differences in the rate of CH 4 produced in heartwoods would have small effects on trunk emissions if the heartwood CH 4 cannot freely diffuse into the atmosphere. However, tree holes, cracks or other defects can facilitate gas transport even when radial diffusion is limited (Grosse, 1997; Langenfelds-Heyser, 1997; Teskey et al., 2008) . Accordingly, tree holes, cracks and defects made by wounding and/or wood-boring insects may provide a more effective pathway for CH 4 emissions from heartwoods.
As discussed earlier, heartwood CH 4 cannot freely diffuse into the atmosphere. This may explain why trunk CH 4 emission rates and heartwood CH 4 concentrations were not statistically correlated (Fig. S2) . This lack of correlation may have been partly methodological because gas samples were collected only after the trunk flux measurement campaign ended in order to avoid artifacts caused by tree damage. The heartwood CH 4 concentrations of P. davidiana on 9-10 August 2015 were neither significantly correlated with trunk CH 4 emission rates on 26-27 July 2015 (R 2 = 0.33, P = 0.31) nor significantly correlated with annual average emission rates (R 2 = 0.004, P = 0.92). Thus, trunk CH 4 emission rates did not completely depend upon heartwood CH 4 concentrations.
Soil profiles of CH 4 concentrations were not significantly different between the P. davidiana and C. cathayensis sites, in both cases clearly decreasing from ambient atmospheric concentrations with increasing depth to 30 cm, below which they fluctuated slightly around 0.5 ll l À1 (Fig. 2b ). This indicates a downward diffusion of atmospheric CH 4 and no subsurface source of CH 4 to depth of 80 cm. Soil profiles of CH 4 concentrations were similar to those in desert soils (Hou et al., 2012) , but very different from those in wetland forests (Pangala et al., 2015) . Vertical CH 4 concentrations had no peaks in the 20-40 cm root layer of two tree species sites in the present study (Fig. 2b) , whereas porewater CH 4 peaked at c. 6000 and 1000 ll l À1 in the 20-40 cm root layer of hollows and hummocks in wetland forests, respectively (Pangala et al., 2015) . In addition, CH 4 uptake by soils was strong (Table 1) . Thus, it is unlikely that the CH 4 emitted from the trunks of P. davidiana was produced in soils and transported through the tree in the transpiration stream.
CH 4 oxidation was undetectable in the three wood layers of P. davidiana and C. cathayensis (Fig. 3a) . Substantial CH 4 production of 37.8 ng g À1 DW h À1 was detected only in the heartwood of P. davidiana (Fig. 3b,c) . This production can theoretically support an estimated trunk CH 4 emission of 268 lg m À2 h À1 (Table S2) , which was much higher than the measured CH 4 emissions (Fig. 1) . In situ CH 4 production in heartwood should be larger than the rate measured here There are no statistically significant differences among six measurements of diurnal CH 4 emissions (P > 0.05), so no letters are marked for the purpose of clarity.
(37.8 ng g À1 DW h
À1
) because of potential disturbance of methanogenic archaea during laboratory incubations (Covey et al., 2012) . Accordingly, CH 4 produced in heartwood was sufficient to support trunk CH 4 emissions. Actual trunk CH 4 emissions ( Fig. 1) were lower than estimated values, suggesting that there are barriers to CH 4 diffusion out of the trunks. If so, some of the CH 4 produced in heartwood might move to lower pressure positions of the tree and be emitted into the atmosphere.
The heartwoods of P. davidiana and C. cathayensis at BH had approximate water contents of 64% and 46%, and wood densities of 0.34 and 0.45 g DW cm À3 , respectively (Table S3 ). In situ water content in the heartwoods of living P. davidiana was higher than measured here because water flowing from the heartwoods was not immediately collected. Observations and data from the heartwood of P. davidiana show that it was water-soaked and may be classified as wet heartwood. Wood density reflects the porosity and anatomical composition of woods. High water content in the heartwood of P. davidiana favors the development of anoxic conditions for microbial CH 4 production, while low wood density provides effective pore spaces for CH 4 accumulation and diffusion. By contrast, the soils and tree roots distributed in the various soil layers had negligible CH 4 production (Fig. 3c) . Finally, the incubation experiments indicated no or negligible CH 4 production/oxidation in barks and sapwoods (Fig. 3a,b) , suggesting that the emitted CH 4 was not derived from the bark and sapwood of living P. davidiana. Collectively, these results strongly suggest that CH 4 emitted from the trunk of P. davidiana was derived from heartwood. Because the woods of dead P. davidiana supported neither production nor emission of CH 4 (Table S4) , tree metabolism and ecophysiological activity with respect to water transport and substrate supply might be essential for significant CH 4 production in the heartwood. On the other hand, no CH 4 emissions from the trunk of C. cathayensis (Table 1) are the result of the absence of substantial CH 4 production in both woods and below ground (Fig. 3b,c) .
The following results can further support the notion that the CH 4 emitted from the trunk of P. davidiana was produced in its heartwood. Water depth in a well close to experimental plots (Fig. S1 ) was generally c. 2-4 m in 2004 (Sang et al., 2010 , but tree roots were mainly located at soil depths of 20-40 cm. In addition, we did not detect CH 4 concentrations above ambient in groundwater sampled from a nearby spring, suggesting there was no in situ CH 4 production in groundwater. Accordingly, it is unlikely that the CH 4 emitted from the trunk of P. davidiana came mainly from groundwater located below 2 m. The trunk CH 4 emissions were not significantly correlated with relative land elevation (P > 0.05) but rather increased slightly with elevation (Fig. S3) , suggesting that the trunk CH 4 emissions were not related to hydrologic features of these sites. Even in a small terrace located c. 1 km from the lower plot, where soils are drier than other soils in the area, CH 4 production in P. davidiana heartwood was substantial (Table S5) . These results are consistent with those by Covey et al. (2012) , who also reported that in situ CH 4 concentrations in the trunks of living trees on well drained soils were higher than those in trees on more poorly drained soils.
Based on the measured data (Figs 2, 3) , we can conclude that the CH 4 emitted from the trunk of P. davidiana was derived from its heartwood. However, moist soils can occur for periods of time as a result of heavy rainfalls, groundwater sometimes fluctuated throughout the year and sites, and fine roots of trees can reach deep soil layers. It is possible that a small quantity of CH 4 produced in soils and/or groundwater can be transported into trunks and emitted into the atmosphere, as some researchers have suggested (Megonigal & Guenther, 2008) . This possibility will require further research.
A previous study suggested that the d 13 C-CH 4 of < À64& is an indicator of microbial origin (Schoell, 1988) . Microbial CH 4 may be produced through CO 2 reduction and acetate fermentation under anoxic conditions (Conrad, 2005) . The d 13 C-CH 4 of < À70& suggests that CO 2 reduction is the dominant pathway of microbial CH 4 production (Whiticar, 1999) . In this study, the Significant differences of CH 4 concentrations between the heartwood of P. davidiana and the other woods of two tree species (P < 0.05) are selfexplanatory, so different letters were omitted for clarity. Means with different letters identify significant differences among soil depths at P < 0.05. Values are means AE 1 SD (n = 5 for trunk chambers, n = 6 for sampling dates in soil depths).
New Phytologist ( 13 C of CH 4 produced in the wet heartwoods of P. davidiana was highly depleted, with À84.8 AE 2.6& and À83.7 AE 5.4& in the upper and lower plots, respectively (Fig. S4) , indicating that CH 4 should be mainly produced by CO 2 reduction by methanogenic archaea. Using a series of incubation experiments, Zeikus & Ward (1974) characterized CH 4 -producing microorganisms in the heartwoods of Populus trees as a member of the genus Methanobacterium, a group that performs CO 2 reduction methanogenesis. Alternatively, a previous study found that nonmicrobial CH 4 was strongly depleted in 13 C, with a d 13 C-CH 4 of -81.1& from commercial cellulose under UV irradiation (Vigano et al., 2009) , a value similar to that of methanogenesis by CO 2 reduction. The range of d 13 C-CH 4 values for microbial and nonmicrobial CH 4 production overlaps strongly when individual measurements are considered (as opposed to mean values). Accordingly, isotopic signatures are not sufficient to distinguish between microbial and nonmicrobial CH 4 (Wang et al., 2013) . Nonmicrobial CH 4 can be produced from plant materials under anoxic conditions (Wang et al., 2009 (Wang et al., , 2011a . The combination of anoxic conditions and high pressure as environmental stresses may favor nonmicrobial CH 4 production in heartwood. The microbial and nonmicrobial pathways are not mutually exclusive, and there is the possibility of a mixed production of À68.1
À621.1
Plot-wide CH 4 fluxes were estimated using the parameters of living tree species, such as the 84 trunks of living Populus davidiana in the lower plot of 1600 m 2 (tree bases were assumed as zero and not excluded in plot area) and the mean 15.3 m trunk height of P. davidiana (see Supporting Information Table S1 ). Trunk I, II, and III indicate trunk CH 4 emissions calculated by arithmetic average, logarithm function, and power function, respectively.
Annual CH 4 is the sum of the monthly fluxes; CH 4 in July is an average of two values, those in July 2014 and July 2015.
The CH 4 fluxes measured were undetectable and defined as 'na' for not applicable (no data available). The materials sampled were incubated under oxic or anoxic conditions at 20°C for c. 48 h. Significant differences in CH 4 production between the heartwood of Populus davidiana and the other woods of two tree species sites (P < 0.05) are self-explanatory. Negligible CH 4 production was not compared statistically. S, soils; R, roots; na, not applicable (no data available). Values are means AE 1 SD (n = 5).
microbial and nonmicrobial CH 4 in the heartwoods of living trees (Fig. S5 ). This requires further work to test.
Trunk CH 4 emissions largely offset sink strength of CH 4 in forest ecosystem
Trunk CH 4 emissions of P. davidiana had no statistically significant differences among the three heights (P > 0.05) but generally decreased with the increasing heights, particularly with large decreases from 35-65 cm to 115-145 cm (Fig. 4) . Wet heartwood is commonly reported in temperate tree species, particularly in the basal part of a tree trunk (Moya et al., 2009) . Diameter ratio of heartwood vs trunk in P. davidiana was 69% at the 35-65 cm height, decreasing to 55% at the 435-465 cm height (Table S3 ). Accordingly, significantly higher CH 4 emissions at 35-65 cm than at higher locations on the trunk may be explained by the higher volume of wet heartwoods and visible irregular wounding. In situ measurements of trunk CH 4 emissions at the 435-465 cm height were performed in July 2015, but the emission rates were almost the same as those at the 115-145 cm height (Fig. 4) . The CH 4 budget of this forest ecosystem was calculated from CH 4 fluxes measured across both tree trunks and soil surfaces ( Table 1 ). The budget was mainly based on the dominant tree species, P. davidiana, C. cathayensis, and L. gmelinii (Table S1 ), for which we had in situ measurements of trunk CH 4 emissions. Trunk CH 4 emissions of P. davidiana were substantial, whereas the emissions of C. cathayensis and L. gmelinii were undetectable (Table 1) .We used arithmetic average, logarithm function, and power function to model CH 4 emissions across the entire height of the trunk (Table 1) . We assumed that there were no trunk CH 4 emissions during January-February 2015, because CH 4 flux data were not statistically different from zero during this period. The CH 4 emissions from twigs and leaves attached to the trunks at c. 200 cm height were also undetectable, which is probably the result of a lack of CH 4 transportation from trunks to twigs and leaves. However, we did not measure CH 4 fluxes in higher tree canopy twigs and leaves because of their inaccessibility. Soil CH 4 uptake was detectable in December 2014 and was assumed to occur in January-February 2015 at the December rate, an assumption that is consistent with the measurements of winter CH 4 cycling .
Plot-wide CH 4 fluxes throughout the year were estimated in the lower plot (Table 1) . In this plot of 1600 m 2 , the CH 4 emissions from trees were in the range 360-430 g per plot yr À1 , with an average of 391 g per plot yr À1 , while CH 4 uptake by soils was À621 g per plot yr
À1 . The greatest uncertainty in estimating the CH 4 budget in the forest ecosystem might result from trunk CH 4 emissions at heights of > 450 cm, so we developed multiple calculations to reconcile this uncertainty. The results showed that trunk CH 4 emissions were equivalent to c. 30-90% of the amount of CH 4 consumed by soils throughout the year, with an annual average of 63%, which constitutes a considerable offset of the soil CH 4 sink. This forest as a whole would start to convert from a net sink to a net source for atmospheric CH 4 if P. davidiana density were to increase. Thus, the exclusion of trunk CH 4 emissions from forest CH 4 budgets may result in significant overestimation of CH 4 sink strength or underestimation of total CH 4 emission on an ecosystem scale.
Implications of trunk CH 4 emissions for CH 4 budgets
Forests account for c. 30% of the Earth's land area, reaching c. 40 9 10 6 km 2 (Food and Agriculture Organization of the United Nations (FAO), 2006). We investigated the potential for ubiquitous CH 4 production in the heartwoods of living trees throughout a large region of China (Table S6 ). The results showed that more or less CH 4 can be produced in the heartwoods of all tree species selected. Assuming that in situ CH 4 concentrations are evidence of CH 4 production in the heartwoods, the survey indicates that CH 4 production in heartwoods is a ubiquitous feature of trees. Populus trees are a common species that can grow in both moist and dry environments. At all sites in the survey, the heartwoods of Populus trees supported substantial CH 4 production, whereas those of Platanus trees showed weak production, indicating that CH 4 production depended upon tree species. Microbial CH 4 production may be inhibited by ethanol extracts of wood (Mink & Dugan, 1980) , suggesting that negligible rates of in situ heartwood CH 4 production in some tree species might be partly a result of the inhibited effect on the CH 4 production by some substances. Because CH 4 production can drop rapidly following disturbance of methanogenic archaea (Covey et al., 2012) , potential CH 4 production in our incubation experiments may have been negligible for some species such as Platanus trees because of the disturbance that accompanied coring and incubation preparation.
Accumulation of very high concentrations of CH 4 in tree cavities (Covey et al., 2012) and high rates of potential CH 4 production in the heartwood of some species, as shown here, are evidence that the full consortia of anoxic microorganisms required to degrade complex organic compounds to CH 4 can develop inside trees just as they do in anoxic soils, animal guts, and other sites with slow exchange of atmospheric O 2 (Megonigal et al., 2004 
Research
New Phytologist methanogens for the production of CH 4 can be produced by fungi and bacteria through degradation of wood, and it has been shown that trees are widely infected by these microorganisms (Zeikus & Ward, 1974; Covey et al., 2012) . If wood degradation would not occur in visibly healthy wet heartwood, the precursors for the production of CH 4 could be produced from the substances provided by transport from phloem (e.g. photosynthate) and/or cambium (e.g. water and nutrients) (Fig. S5) . Wet heartwood is generally similar to normal heartwood but differs in having an abnormally high water content that can form anoxic conditions favoring methanogenic archaea. The fact that N 2 fixation occurs widely in heartwoods of living trees (Hacquard & Schadt, 2015) is further evidence that these environments support robust anoxic metabolism, but also chemoautotrophic microorganisms that may be an additional source of labile organic carbon.
Notably, heartwood rot is not often outwardly visible for living trees, and anoxic microbes can be active before decay is measurable (Covey et al., 2012) . As a result, wet heartwoods are identified mainly by their high water content, rather than their state of decay or color. In this study, the heartwoods of P. davidiana were visibly healthy, whereas the heartwoods of C. cathayensis were visibly dark, which is assumed to be rotten (Fig. S6) . The former showed substantial CH 4 production whereas the latter did not. Our sampling indicates that visibly healthy heartwoods are common in living trees on upland soils, and that some of these heartwoods are wet. Accordingly, microbial CH 4 production can occur in wet heartwoods, regardless of whether rot is present or not.
Although wet heartwoods in living trees tend to be formed in wet environments, they are also widely formed in living trees growing on upland soils (Lihra et al., 2000; Xu et al., 2001; Krause & Gagnon, 2005 Moya et al., 2009) . Previous studies have focused on the role of wetland trees as conduits for soilborne CH 4 emissions (Rusch & Rennenberg, 1998; Terazawa et al., 2007; Gauci et al., 2010; Rice et al., 2010; Pangala et al., 2013 Pangala et al., , 2015 . Based on this study, we infer that CH 4 emitted from the trunks of living trees on wet soils is partly derived from CH 4 produced in wet heartwoods. Accordingly, the CH 4 emitted from wetland trees may also be produced inside the trees themselves. Frankenberg et al. (2005 Frankenberg et al. ( , 2008 and Miller et al. (2007) found unexpectedly high CH 4 concentrations over tropical forests, which may be explained by multiple CH 4 sources, such as the trunks of living trees on upland soils (this study) and flooded soils (e.g. Pangala et al., 2013) , bromeliad tanks (Martinson et al., 2010) , plants by nonmicrobial mechanisms (Keppler et al., 2006) , and small wetlands .
Major sources and sinks of CH 4 in the global budget have generally been identified, but most of these remain quantitatively uncertain (IPCC, 2013) . Recently, Carmichael et al. (2014) attempted to quantify plant-based CH 4 emissions as a distinct source in the global budget, with an estimate of 32-143 Tg yr À1 , including nonmicrobial CH 4 production in plants, microbial CH 4 production in the vast numbers of plant cisterns, and plants as conduits for soilborne CH 4 emissions. In particular, microbial CH 4 production in plant cisterns and their emissions have been much less well documented. The wet heartwoods of living trees can be considered a major type of plant cistern that probably makes a significant contribution to the global CH 4 budget, and could play an important role in reconciling uncertainties in the global CH 4 budget.
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